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ABSTRACT 30 
This paper investigates numerically the behavior of Glass Fibre Reinforced Polymer (GFRP) 31 
bar reinforced concrete beams (GFRP-RC beams) under low-velocity impact loads. A finite 32 
element model has been developed and calibrated against the experimental investigation results 33 
of six GFRP-RC beams. The results of the numerical analysis have been found in very good 34 
agreement with the experimental investigation results. The finite element model captured the 35 
failure modes, crack profiles, midspan deflection, impact and reaction forces, and dynamic 36 
strain of the GFRP-RC beams. Moreover, a parametric study has been carried out to investigate 37 
the influence of the reinforcement ratio, compressive strength of concrete, drop mass, drop 38 
velocity, and impact energy on the response of GFRP-RC beams under low-velocity impact 39 
loads. It was found that the drop mass and velocity significantly influenced the damage profiles 40 
of the beams and the reinforcement ratio significantly influenced the midspan deflection and 41 
reactions at the support. 42 
Keywords: Reinforced concrete, Beam, GFRP, Impact, Modelling 43 
INTRODUCTION 44 
Fibre Reinforced Polymer (FRP) bars have emerged as one of the most suitable replacements 45 
for steel bars in Reinforced Concrete (RC) structures, especially in aggressive and corrosive 46 
environments. Glass FRP (GFRP) bars, in particular, have been popular and suitable for 47 
replacing steel bars in RC structures due to their availability, relatively low cost, and high 48 
ultimate strength. Recently, impact loads on structures and structural components have been 49 
receiving increasing research attention due to the increase in terrorist attacks worldwide. The 50 
response of Glass Fibre Reinforced Polymer bar Reinforced Concrete (GFRP-RC) beams under 51 
impact loads varies significantly from the response under static loads. Several studies 52 
investigated the response of GFRP-RC beams under static loads1-4 and Steel-RC beams under 53 
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impact loads5-10. However, the response of GFRP-RC beams under impact loads has not been 54 
adequately investigated11,12. The key parameters (e.g. reinforcement ratio, concrete 55 
compressive strength, velocity of impact, and mass of the drop hammer) influencing the 56 
response of GFRP-RC beams under impact loads have not been thoroughly investigated. 57 
Experiments carried out to investigate the response of GFRP-RC beams under impact loads are 58 
expensive. The finite element method has been widely used to model the behavior of RC beams 59 
under low-velocity (velocity less than 10 m/sec [32.81 ft/sec]) impact loads13-18. The finite 60 
element method is both cost and time efficient and is reliable in modelling the behavior of 61 
GFRP-RC beams under impact loads. There have been no numerical studies in the literature 62 
that investigated the response of GFRP-RC beams under low-velocity impact loads. The finite 63 
element program LS-DYNA19, 20 has been one of the most popular codes to model the response 64 
of RC beams under low-velocity impact loads due to its comprehensive material library and 65 
ability to capture the non-linear response of RC beams under low-velocity impact loads. Hence, 66 
a comprehensive numerical investigation is carried out in this paper to understand the complex 67 
behavior of GFRP-RC beams under low-velocity impact loads. 68 
RESEARCH SIGNIFICANCE 69 
This study explores, through numerical analysis, the response of GFRP-RC beams under low-70 
velocity impact loads. An extensive parametric study has been carried out to investigate the 71 
effect of longitudinal reinforcement, compressive strength of concrete, drop mass, drop 72 
velocity, and impact energy on the response of GFRP-RC beams under impact loads. The 73 
results of this study will help in developing guidelines for the design of GFRP-RC beams under 74 
impact loads. Moreover, the experimental investigations will provide detailed data that can 75 
assist in the validation of future numerical and analytical studies. 76 
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NUMERICAL INVESTIGATIONS 77 
The finite element code LS-DYNA has been extensively used in the literature to model the 78 
behaviour of Steel-RC beams under impact loads14, 16-18, 21-27. The advantages of using LS-79 
DYNA include the efficient computational capability and the availability of a comprehensive 80 
material library. 81 
Structural geometry 82 
To account for the experimental conditions (presented in the next section), a three dimensional 83 
(3D) FE model was created. The full 3D FE model presented in Fig.1 accounts for the boundary 84 
conditions (roller and pinned supports) and for the loading conditions (drop hammer). To 85 
represent the concrete, supports, and drop hammer, eight-node solid hexahedron elements with 86 
single point integration were used. Single point integration produces a less stiff element and 87 
saves substantial computational time. However, an overhead of using one-point integration is 88 
the need to control the zero energy modes (hourglass modes) for the stability of the solution. 89 
In order to control and minimize the hourglass mode, Flanagan-Belytschklo hourglass control 90 
was chosen for the solid elements. The hourglass energy is presented in Fig.2, where it is 91 
calculated to be less than 0.3% of the total energy. To represent the GFRP bar for the 92 
reinforcement, 2D Hughes-Liu beam elements with 2x2 Gauss quadrature integration were 93 
used. A separate convergence study was carried out to select the appropriate mesh size. Mesh 94 
sizes of 20, 15, 10, and 5 mm (0.787, 0.59, 0.393, and 0.197 inch) were modelled and analysed. 95 
It was found that a mesh size of 10 mm (0.59 inch and mesh aspect ratio of 1) was the most 96 
suitable for this study. The decrease in the mesh size below 10 mm (0.59 inch) increased the 97 
computational time significantly with a minor influence on the accuracy of the results.  98 
Contact and boundary condition 99 
While several formulations are available in LS-DYNA to model the contact between the drop 100 
hammer beam, and supports, the automatic contact option was found to be sufficient for the 101 
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current study. Pin and roller supports were used in order to replicate the boundary conditions 102 
of the experiment. The pin support restrained the movement and allowed the rotation about its 103 
major axis, whereas the roller support allowed translation and rotation about its major axis. The 104 
nodes located above the supports, on the top surface of the beam, were also restrained to prevent 105 
the uplift of the beam after the impact. Furthermore, the drop hammer was constrained to 106 
vertical movement in order to replicate the movement of the free-falling drop hammer. 107 
Moreover, taking the advantage of the symmetry, quarter models were used with appropriate 108 
symmetry boundary conditions to model the GFRP-RC beams in this study. In order to replicate 109 
the loading conditions, the drop hammer was set at a starting position 1 mm above the beam 110 
and was assigned an initial velocity v0 = √2gh (calculated from the condition of a free-falling 111 
body) where g is the gravitational acceleration and h is the drop height. The self-weight of the 112 
beam, drop hammer, and gravitational acceleration were taken into account as well to replicate 113 
the experimental conditions. To avoid spurious oscillation at the contact surfaces, suitable 114 
viscous damping was specified for the model.  115 
Bond-slip model 116 
The bond between the GFRP bars and the concrete was modelled using a one-dimensional 117 
bond-slip model. A perfect bond was assumed between the concrete and the steel stirrups using 118 
merged nodes. The one-dimensional bond-slip model allows a set of nodes of the reinforcement 119 
(slave nodes) to slide along a set of nodes of the concrete (master nodes) via fictitious springs. 120 
Modelling the bond between the reinforcement and the concrete using a bond-slip model was 121 
used in previous research studies28-31. This contact model is an elastic-perfect-plastic model 122 
that requires input of the bond shear modulus (Gs), maximum elastic slip (𝑠𝑚𝑎𝑥), damage curve 123 
exponential coefficient (ℎ), and damage parameter (𝐷). The relationship of the elastic-perfect-124 
plastic model is given by Equation (1): 125 
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𝝉 = {
𝐆𝐬𝐬, 𝐬 ≤ 𝐬𝐦𝐚𝐱
𝛕𝐦𝐚𝐱𝐞
−𝐡𝐃, 𝐬 > 𝐬𝐦𝐚𝐱
 
(1) 
Where 𝜏 is the bond shear stress of the GFRP bars. 126 
Modelling of materials 127 
Concrete 128 
The Winfrith19 concrete model, chosen for this study, has been developed over many years by 129 
Broadhouse and Neilson32 and Broadhouse33. This model was developed to model structures 130 
subjected to blast and impact loads. This concrete model was validated extensively in the 131 
literature and its ability to capture the complex behaviour of RC structures under impact loads 132 
is well established25, 34-39. An advantage of this concrete model is that a small number of input 133 
parameters required, including the density, initial tangent modulus (Ec = 4,700√fc
′ [when fc
′ 134 
is in MPa] and Ec = 57,000√fc
′ [when fc
′ is in psi], as specified by ACI40), Poisson’s ratio, 135 
uniaxial compressive and tensile strengths, and aggregate size of concrete. These parameters 136 
were determined in Goldston et al.11. The stress-strain diagram of the concrete is generated 137 
automatically by the Winfrith Concrete Model. Moreover, the Winfrith model has the ability 138 
to include strain rate effects and to generate crack growth algorithms. The additional binary 139 
output file includes information about the number, location, and width of the cracks. However, 140 
since the Winfrith model does not implicitly include an erosion criteria, an additional function 141 
was added such that, upon satisfying an appropriate failure criteria of concrete in compression, 142 
concrete elements were removed from the model. 143 
Reinforcement 144 
The Piecewise Linear Plasticity model19 was chosen to model the GFRP bar in this study. The 145 
input parameters for this model include the modulus of elasticity, Poisson’s ratio, yield stress, 146 
tangent modulus, and plastic failure strain. This material model can be used for GFRP bars 147 
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with an adequate choice of the input parameters. Fig.3 shows the stress-strain curve of a typical 148 
GFRP bar using the Piecewise Linear Plasticity model. In order to replicate the behaviour 149 
GFRP bar behaviour, a tangent modulus value of zero (ETAN=0) is assigned, allowing an 150 
elastic-perfectly-plastic behaviour. The value of the ultimate strain is then chosen for the 151 
pseudo-plastic strain in order for the GFRP bars to fail upon entering the plastic phase. 152 
Specifying those values ensures that the behaviour of GFRP bars is perfectly linear until the 153 
failure specified by the pseudo yield stress. Once the failure criteria is reached, the beam 154 
element is deleted from the calculation. 155 
Supports and drop hammer 156 
The steel supports and steel drop hammer were modelled using ‘Rigid’ model. An input of 157 
density, modulus of elasticity, and Poisson’s ratio are required by this material model. Since 158 
the drop hammer and supports consisted of steel, the density and modulus of elasticity of steel 159 
were used in this material model. 160 
EXPERIMENTAL INVESTIGATION 161 
This section includes a description of the experiments carried out by the authors to investigate 162 
the impact response of six GFRP-RC beams. The full details of the impact experiment can be 163 
found in Goldston et al.11. For the purpose of completeness of the numerical analysis, a brief 164 
description of the experimental investigations is presented below. 165 
A total of six GFRP-RC beams were tested under impact loads. The beams were designed in 166 
accordance with ACI40. One beam was designed as under-reinforced beam, one beam was 167 
designed as balanced beam, and four beams were designed as over-reinforced beams. These 168 
beams were chosen to investigate all three different types of failure modes. The beams were 169 
100 mm (3.94 inch) in width, 150 mm (5.91 inch) in height, and 2400 mm (7.87 ft) in length 170 
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with a clear concrete cover of 15 mm (0.591 inch). The clear span of the beam was 2000 mm 171 
(6.56 ft). The beams were divided into two main groups according to their concrete 172 
compressive strength. The compressive strengths of concrete at the day of testing for Groups 173 
A and B were 57.4 MPa (8.33 ksi) and 72.3 MPa (10.5 ksi) respectively. Moreover, each group 174 
included three GFRP-RC beams with different reinforcement arrangements. The number 175 
following the group name (A and B) indicates the type of reinforcement used in the GFRP-RC 176 
beams. The GFRP bars of diameters 6.35 mm (0.25 inch), 9.53 mm (0.375 inch), and 12.7 mm 177 
(0.5 inch) were used in the experiment. In the beam name, number 1 indicates that two GFRP 178 
bars of 6.35 mm (0.25 inch) diameter were used as longitudinal reinforcement, numbers 2 and 179 
3 indicate that two GFRP bars of diameters 9.53 and 12.7 mm (0.375 and 0.5 inch) each, 180 
respectively were used as longitudinal reinforcement. Beams with the numbers 1, 2, and 3 in 181 
the names had reinforcement ratios of 𝜌𝑓 = 0.5%, 1%, and 2%, respectively. The compression 182 
reinforcement was similar to the tension reinforcement in all the GFRP-RC beams and 183 
consisted of two GFRP bars of the same diameter as those in tension. Steel bars of 4 mm (0.157 184 
inch) diameter spaced at 100 mm (3.94 inch) centre-to-centre were used as transverse 185 
reinforcement. The properties of the GFRP and steel bars were tested by the authors in Goldston 186 
et al.11, were presented in Table 1. The mass of the drop hammer used in the experimental 187 
investigations was 110 kg (243 lbs). The drop height was 1200 mm (3.94 ft) and could be 188 
assumed to be a free falling system without friction. The drop velocity was 4.85 m/s (15.9 ft/s) 189 
at impact. All the GFRP-RC beams were designed to fail in flexure (flexure-critical) with a 190 
shear-to-bending resistance ratio larger than one. The predicted failure modes according to 191 
ACI40 were balanced failure for Beam A1, under-reinforced failure for Beam B1, and over-192 
reinforced failure for the remaining beams (Beams A2, A3, B2, and B3). The midspan 193 
deflections were measured by a Laser-type Variable Displacement Transducer (LVDT) with a 194 
measuring range of 90 mm (3.54 inch). The strain in the GFRP bars was measured using strain 195 
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gauges attached to the GFRP bars. In order to allow the strain gauges to be in direct contact 196 
with the GFRP bars, the sand coating on the GFRP bars was removed and the strain gauges 197 
were placed at the midspan of the GFRP bars. The impact and reaction forces were measured 198 
using load cells attached to the drop hammer and the supports. The variables of the experiment 199 
were the longitudinal reinforcement ratio and the compressive strength of concrete. The 200 
investigation aimed at understanding the behaviour of GFRP-RC beams under impact loads in 201 
terms of failure modes, midspan deflection, strain in GFRP bar, and impact and reaction forces. 202 
To determine the values of the bond shear stress, maximum slip and damage coefficient, four 203 
specimens were tested under static loads according to RILEM41. All specimens were formed 204 
of two parts, as shown in Fig.4. Each specimen was formed of two parts separated by a distance 205 
of 50 mm (1.97 inch). Each part of the specimens was 100 mm (3.94 inch) in width, 180 mm 206 
(7.1 inch) in depth, and 375 mm (1.23 ft) in length. The embedment length used was six times 207 
the bar diameter according to Yan et. al42, as it provides a desirable failure. The diameters of 208 
the GFRP bars tested were 9.53 mm (0.375 inch) and 12.7 mm (0.5 inch). The specimens were 209 
tested using a 5000 kN (1124 kips) Instron machine (Fig.4). The applied displacement was 1 210 
mm/min (0.0394 inch/min). The displacement was applied until the failure of the bond between 211 
the GFRP bar and the concrete. The slip between the GFRP bars and the concrete was measured 212 
using LVDT’s. The strains in the GFRP bars were measured using strain gauges attached to 213 
the GFRP bars. 214 
EXPERIMENTAL RESULTS AND DISCUSSION 215 
Failure modes 216 
As per the design codes ACI40 and CSA43, since GFRP bars do not yield, the preferred failure 217 
mode is concrete crushing in over-reinforced beams, which provides a warning prior to the 218 
collapse of the structure. The under-reinforced failure mode occurs due to GFRP bar rupture, 219 
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whereas the balanced failure mode occurs due to simultaneous rupture of FRP bars and failure 220 
of concrete in compression. A brief description of the failure modes of the GFRP-RC beams is 221 
presented below. 222 
Under-reinforced and balanced failure 223 
The balanced Beam A1 and the under-reinforced Beam B1 failed due to the rupture of GFRP 224 
bars. The impact energy (1295 J) transferred to the beams from the drop hammer was sufficient 225 
to cause failure of the beam. The terms energy absorption capacity has been used by Adhikary 226 
et al.17, 44 as the energy absorbed by the beam. The energy absorption capacity of the beam was 227 
calculated as the area under the load-midspan deflection curve from zero deflection until the 228 
midspan deflection corresponding to the maximum load. The energy absorption capacities of 229 
Beams A1 and B1 were 518 J and 435 J, respectively. The beams started deflecting upon 230 
contact with the drop hammer and kept increasing until the GFRP bars ruptured. The cracks 231 
were predominantly flexural cracks which started developing and propagating vertically 232 
upwards until the failure of the beam. The beams were then split into two parts at the impact 233 
zone. Moreover, a local failure was observed, which was due to the spalling of concrete in the 234 
impact zone. 235 
Over-reinforced failure 236 
The over-reinforced Beams A2, A3, B2, and B3 failed due to concrete crushing. The impact 237 
energy (1295 J) of the first drop was not sufficient to cause failure of the beams. The beams 238 
returned to their initial position showing an elastic behaviour indicating reserve capacity. Shear 239 
cracking was evident at the impact area with the crushing of the concrete cover. The cracks 240 
observed in these beams were flexural cracks in addition to shear cracks. The flexural cracks 241 
propagated vertically upwards and were observed in the areas closer to the supports. In the 242 
impact area, on the other hand, the cracks were predominantly shear cracks with the shear plug 243 
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developing at the impact zone. Shear plug failure was observed in these beams with cracks 244 
originating from the impact zone and propagating at 45 degrees angle. Moreover, all beams 245 
showed shear cracks regardless of the reinforcement ratio and compressive strength of 246 
concrete. It was also observed, however, that as the reinforcement ratio and compressive 247 
strength of concrete increased, the number of shear cracks in the beams decreased.  248 
Midspan deflection 249 
The midspan deflection was measured for all the beams under impact loads. For the Beams A1 250 
and B1, the midspan deflection was not recorded since the beams completely failed and were 251 
split into two parts. For the remaining over-reinforced beams, all beams started deflecting from 252 
zero to reach a maximum midspan deflection after about 25 milliseconds. The beams then 253 
rebounded and returned to their initial state within 60 milliseconds with a parabolic trace of the 254 
midspan deflection-time curve. Moreover, beams with higher reinforcement ratios and concrete 255 
compressive strengths experienced lower maximum midspan deflections. 256 
Dynamic strain in GFRP bar 257 
The dynamic strains in the GFRP bars were measured using strain gauges attached to the bars 258 
at the midspan. The dynamic strains in the GFRP bars started from zero and increased with a 259 
high strain rate at the beginning where the response of the beam was still elastic. After cracks 260 
started to develop (approximately at 3 milliseconds), the rate of the development of the 261 
dynamic strain was decreased. The dynamic strain kept increasing with some fluctuations until 262 
reaching the maximum dynamic strain when the maximum midspan deflection was reached. 263 
The dynamic strain then dropped after the beam rebounded to its initial position. Moreover, the 264 
dynamic strains were not measured in Beams A1 and B1 due to the rupture of the GFRP bars. 265 
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Impact and reaction forces 266 
The forces during an impact are the impact force, reaction forces, and inertia forces. The impact 267 
force equals the sum of the inertia forces and reaction forces. All beams showed a similar shape 268 
for these forces. The impact force was generated upon the contact between the drop hammer 269 
and the GFRP-RC beam. This impact force was demonstrated by a high magnitude impulse 270 
(approximately 200 kN [45 kips]) over a short duration of time (10 milliseconds) representing 271 
the contact between the drop hammer and the beam. The recorded inertia force was similar to 272 
the impact force for this duration. The reaction forces recorded were zero due to the delay in 273 
the travel of the stress wave from the impact point to the supports. The total reaction forces of 274 
both supports (reaction force hereafter) then started resisting the impact force until the end of 275 
the impact (approximately 60 milliseconds). Also, after almost 15 milliseconds from the start 276 
of the impact, the reaction force matched the impact force (at around 30 kN [6.75 kips]) while 277 
the inertia force was negligible. 278 
Bond-slip 279 
Table 2 presents the results of the bond-slip tests carried out in this study. The averages of the 280 
maximum shear bond stresses for the GFRP bars with diameters 9.53 mm (0.375 inch) and 281 
12.7 mm (0.5 inch) were 38.45 MPa (5.6 ksi) and 31.3 MPa (4.5 ksi), respectively. Moreover, 282 
the averages of the slip at maximum stresses for the GFRP bars with diameters 9.53 mm (0.375 283 
inch) and 12.7 mm (0.5 inch) were 0.14 mm (0.0055 inch) and 0.11 mm (0.0043 inch), 284 
respectively. Furthermore, the averages of the exponential decays for the GFRP bars with 285 
diameters 9.53 mm (0.375 inch) and 12.7 mm (0.5 inch) were 0.11 and 0.15, respectively. 286 
These values were used in the numerical bond-slip model of the GFRP bars with concrete in 287 
this study. However, due to the unavailability of the GFRP bars with diameter 6.35 mm (0.25 288 
inch) during the testing of the bond-slip, the values were taken to be the same as those of the 289 
GFRP bar with a diameter of 9.53 mm (0.375 inch). It was reported in the literature45, 46 that 290 
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the bond strength increases with the decrease of the bar diameter. Hence, using the bond 291 
properties of the GFRP bar with a diameter of 9.53 mm (0.375 inch) to model the GFRP bar 292 
with a diameter of 6.35 mm (0.25 inch) was considered conservative. 293 
COMPARISONS OF THE FINITE ELEMENT MODEL AND EXPERIMENTAL 294 
RESULTS 295 
The FE model was validated against the experimental results. The validation was carried out 296 
in terms of the failure modes, midspan deflection, strain in GFRP bar, and impact forces. The 297 
numerical results seem to be in good agreement with the experimental results. A brief 298 
description of the results is presented below. 299 
Failure modes 300 
The FE models created with LS-DYNA show the ability to capture the experimental behaviour 301 
of the GFRP-RC beams under impact loads. In terms of the general failure mode, beams that 302 
were under-reinforced and balanced (Beams B1 and A1) failed due to GFRP bar rupture, as 303 
predicted. Fig.5 presents the failure of Beam A1 (only Beam A1 was chosen for presentation 304 
purposes since Beam B1 had a similar failure mode). It is evident from Fig.5 that Beam A1 305 
failed due to the rupture of the GFRP bars. The concrete spalling at the midspan was captured 306 
by the high-speed video camera and by the FE model as well. The cracks were predominantly 307 
flexural cracks originating from the tension side of the beam and propagating vertically 308 
upwards. The FE model was able to capture those cracks in addition to the GFRP bar rupture, 309 
which caused the failure of the beam. 310 
Moreover, the four over-reinforced beams failed due to concrete crushing. Concrete crushing 311 
was observed along with shear cracks originating from the impact zone and propagating at 45°. 312 
Fig.6 shows the damage profile of Beam A2 (only Beam A2 was chosen for presentation 313 
purposes since the damage profile of Beam A2 is similar to Beams A3, B2, and B3). The cracks 314 
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in the beam were flexural cracks that developed away from the impact area and shear cracks 315 
concentrated in the vicinity of the impact area. However, the shear cracks were larger and more 316 
dominant. The local damage at the impact area was also captured by the FE model. 317 
Midspan deflection 318 
The midspan deflection in the experiment was analysed and the midspan deflection-time curves 319 
were plotted. These curves were compared against the results of the FE model. For the under-320 
reinforced and balanced beams, the midspan deflection was not captured due to the rupture of 321 
the GFRP bars, which split the beam into two parts. Therefore, only the results of the over-322 
reinforced beams were compared in this section. All four over-reinforced beams followed a 323 
parabolic midspan deflection-time curve. The deflections of the GFRP-RC beams started when 324 
the drop hammer impacted the beams. The beams accelerated at the midspan vertically 325 
downwards until reaching the maximum midspan deflection. The velocity measured at the 326 
maximum midspan deflection was zero. The beams then rebounded and came back to the initial 327 
position within a timeframe of 60 milliseconds. The midspan deflection-time curves of Beams 328 
A2, A3, B2, and B3 were presented in Fig.7. The experimental and numerical results seem to 329 
be in good agreement with each other. The parabolic shape at the midspan deflection was 330 
captured by the FE model. The response time (time from beginning of impact until the beams 331 
rebounded) of the GFRP-RC beams was also captured by the FE model. Moreover, the values 332 
of the maximum midspan deflections were in very good agreement. A comparison of the 333 
maximum midspan deflection values is presented in Table 3. It was observed from Table 3 334 
that the midspan deflection results of the numerical analysis match very well with the 335 
experimental results. It was observed as well that all the numerical results of the midspan 336 
deflection were higher than the experimental midspan deflection results. The ratio of the 337 
numerical-to-experimental midspan deflections was presented in Table 3. The numerical 338 
analysis over-predicts the midspan deflection of the GFRP-RC beams by an average of 3%. 339 
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Dynamic strain in GFRP bar 340 
The experimental dynamic strain in the GFRP bar was measured by strain gauges placed on 341 
the midspan of the GFRP bar. The experimental and numerical results of the dynamic strain 342 
were presented in Fig.8 (only Beam A3 was chosen for presentation purposes, since all four 343 
over-reinforced beams had a similar shape of the dynamic strain-time curves). The 344 
experimental dynamic strain of the under-reinforced and balanced beams was not available due 345 
to the failure of the GFRP bars. The dynamic strains in the GFRP bar started at zero and 346 
increased with a high strain rate. The strain rate decreased once the cracking of concrete started. 347 
The dynamic strain kept increasing with some fluctuations until reaching the maximum 348 
dynamic strain when the maximum midspan deflection was reached. The dynamic strain then 349 
dropped again after the beam returned to its initial position. The overall shapes and values of 350 
the numerical dynamic strains match that of the experiment very well. The initial increase at a 351 
high rate, the decrease after cracking of concrete, the fluctuation, and reaching a maximum 352 
value when the maximum midspan deflection is reached were all captured by the FE model. 353 
Table 3 also presents the numerical and experimental values of the maximum dynamic strain. 354 
The values of the dynamic strain using the numerical analysis were 2% higher than the 355 
experimental values. 356 
Impact and reaction forces 357 
The numerical and experimental forces compared in this section are the impact force and the 358 
reaction force. All beams showed a similar shape for both forces. The impact force is attributed 359 
initially with a high magnitude impulse over a short duration of time. This impact force then 360 
drops back to zero before having a second peak and then fluctuates until going back to zero at 361 
the end of the response. The reaction force lags behind the impact force. Fig.9 shows the 362 
experimental and numerical response of Beam A2 in terms of the impact force and reaction of 363 
supports (only Beam A2 was chosen for presentation purposes since all the over-reinforced 364 
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beams have similar impact force and reaction force shapes). The results seem to be in very 365 
good agreement in terms of the overall shape, duration, and mean values of the impact and 366 
reaction forces. Moreover, Table 3 presents the numerical and experimental values of the areas 367 
under the impact force curve and the reaction force curve. The impulse of these forces was 368 
calculated by integrating the area under the force-time curves. It was shown that the FE model 369 
over-predicts the values of the impact force and reaction force by 6% and 7%, respectively. 370 
PARAMETRIC STUDY 371 
A parametric study was carried out to investigate the effect of the reinforcement ratio, 372 
compressive strength of concrete, drop height, drop mass, and impact energy. The beams were 373 
200 mm (7.87 inch) in width, 300 mm (11.81 inch) in height, and 2400 mm (7.87 ft) in length 374 
with 2000 mm (6.56 ft) clear span. Moreover, the modulus of elasticity of the GFRP bars was 375 
50 GPa (7251 ksi) and the ultimate strength was 1200 MPa (174 ksi). The bond-slip model was 376 
taken into account with a maximum slip of 0.15 mm (0.006 inch), bond shear modulus of 111 377 
MPa/mm (41 ksi/inch), and exponential decay of 0.12. The findings of this study are important 378 
for developing guidelines for the design of GFRP-RC beams under impact loads. The 379 
development of design guidelines and the development of an analytical model is considered 380 
beyond the scope of this paper. 381 
Influence of the longitudinal reinforcement ratio 382 
To investigate the effect of the longitudinal reinforcement ratio, six GFRP-RC beams were 383 
modelled under low-velocity impact loads. The reinforcement ratios of the six beams were 384 
0.5%, 1%, 1.5%, 2%, 2.5%, and 3%. All six beams in this study had shear reinforcement 385 
comprised of 8 mm (0.31 inch) diameter bars spaced at 100 mm (3.94 inch) centre-to-centre 386 
ensuring flexure-critical design failure. The compressive strength of concrete for the beams 387 
was 40 MPa (5.8 ksi). The beams were subjected to a drop load of 400 kg (882 lbs) impacting 388 
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the beam at 5 m/s (16.4 ft/s [drop height of 1.3 m (11.8 inch)]). The impact energy was 389 
calculated as 5000 J. 390 
The results show that, as the reinforcement ratio of the GFRP-RC beams increased, the 391 
maximum midspan deflection and the maximum dynamic strain in the GFRP bars at the 392 
midspan decreased, whereas the reaction force increased. Fig.10 presents the maximum 393 
midspan deflection, maximum dynamic strain in GFRP bars at midspan, and maximum 394 
reaction force as a function of the reinforcement ratio. The maximum midspan deflection 395 
decreased from 40.52 mm (1.6 inch) to 20.17 mm (0.79 inch) upon increasing the 396 
reinforcement ratio from 0.5% to 3% (Fig.10 (a)). This 50% decrease in the maximum midspan 397 
deflection was also associated with a 50% decrease in the time to reach the maximum midspan 398 
deflection (from 19 ms to 9.8 ms). Moreover, the maximum dynamic strain in the GFRP bars 399 
at the midspan significantly reduced from 0.016 to 0.0053 upon increasing the reinforcement 400 
ratio from 0.5% to 3% (Fig.10 (b)). As observed from Fig.10 (c), the impact force was not 401 
affected by the increase in the reinforcement ratio, whereas the reaction force increased. This 402 
is due to the impact force being influenced by the drop mass, drop height, and contact surfaces, 403 
whereas the reaction force depended on the energy absorbed by the beam and the inertia forces. 404 
The resistance of the beam increased with an increase in the longitudinal reinforcement ratio.  405 
Influence of the compressive strength of concrete 406 
To investigate the effect of the compressive strength of concrete, five GFRP-RC beams were 407 
modelled under low-velocity impact load. The compressive strengths of concrete were 30 MPa 408 
(4.35 ksi), 40 MPa (5.8 ksi), 50 MPa (7.25 ksi), 60 MPa (8.7 ksi), and 70 MPa (10.5 ksi). The 409 
impact mass was 400 kg (882 lbs) and the drop velocity was 5 m/s (16.4 ft/s [5000 J impact 410 
energy]). The beams in this study and all the studies that follow had a longitudinal 411 
reinforcement ratio of 1% and 8 mm (0.31 inch) shear reinforcement spaced at 100 mm (3.94 412 
inch) centre-to-centre. 413 
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The results showed that, as the compressive strength of concrete increased, the maximum 414 
midspan deflection decreased. The maximum midspan deflection decreased by 10 % upon 415 
increasing the compressive strength of concrete from 30 MPa to 70 MPa (4.35 ksi to 10.5 ksi). 416 
The compressive strength of concrete had a minor influence on the maximum dynamic strain 417 
at the midspan of the GFRP bars. Moreover, the impact and reaction forces increased with an 418 
increase in the compressive strength of concrete. A 57 % increase in the reaction force was 419 
observed when the compressive strength of concrete increased from 30 MPa to 70 MPa (4.35 420 
ksi to 10.5 ksi). This means that the resistance of the beam increases with an increase in the 421 
compressive strength of concrete. 422 
Influence of the drop mass 423 
To investigate the effect of the drop mass on the response of GFRP-RC beams under low-424 
velocity impact loads, five different drop masses were investigated. The masses were 200 kg 425 
(441 lbs), 300 kg (661 lbs), 400 kg (882 lbs), 500 kg (1102 lbs), and 600 kg (1323 lbs). All the 426 
impact velocities were fixed to 5m/s (16.4 ft/s). The compressive strength of concrete in this 427 
study and the studies that follow was 40 MPa (5.8 ksi). 428 
It was observed that the drop mass significantly influenced the crack profile of the GFRP-RC 429 
beams. When the drop mass was 200 kg (441 lbs), only flexural cracks were observed 430 
propagating vertically upwards from the bottom of the beam. As the mass increased, more shear 431 
cracks were observed propagating at an angle of 45°. At a mass higher than 600 kg (1323 lbs), 432 
shear cracks appear to dominate the failure of the beams. Moreover, maximum midspan 433 
deflection and the maximum dynamic strain in the GFRP bars increased by 127 % and 89 %, 434 
respectively when the drop mass increased from 200 kg (441 lbs) to 600 kg (1323 lbs). The 435 
drop mass had a relatively lower influence on the impact and reaction forces. The impact and 436 
reaction forces increased by 15% when the drop mass increased from 200 kg (441 lbs) to 600 437 
kg (1323 lbs). 438 
19 
 
Influence of the drop velocity 439 
To investigate the effect of the drop mass on the response of GFRP-RC beams under low-440 
velocity impact loads, five different drop velocities were investigated. The impact velocities 441 
were 3 m/s (9.8 ft/s), 4 m/s (13.1 ft/s), 5 m/s (16.4 ft/s), 6 m/s (19.7 ft/s), and 7 m/s (23 ft/s). 442 
The impact mass was 400 kg (882 lbs). 443 
Similar observations to those reported in the above section were observed upon increasing the 444 
impact velocity. The maximum midspan deflection and maximum dynamic strain in the GFRP 445 
bars increased by 162% and 113%, respectively when the drop velocity increased from 3 m/s 446 
to 7 m/s (9.8 ft/s to 23 ft/s). The impact force was significantly influenced by the drop velocity 447 
where an increase from 3 m/s to 7 m/s (9.8 ft/s to 23 ft/s) led to a 160% increase in the impact 448 
force and a 45 % increase in the reaction force. Also, the crack profile was influenced by the 449 
drop velocity. When the drop velocity was 3 m/s (9.8 ft/s), flexural cracks developed 450 
propagating vertically in the beam. Upon increasing the drop velocity to 7 m/s (23 ft/s), shear 451 
cracks propagating at 45° dominated the beam. 452 
Influence of the impact energy 453 
To investigate the effect of the drop mass and drop velocity on the response of GFRP-RC 454 
beams under low-velocity impact loads, the impact energy of this study was fixed to 5000 J. 455 
The drop masses chosen for this study were 200 kg (441 lbs), 300 kg (661 lbs), 400 kg (882 456 
lbs), 500 kg (1102 lbs), and 600 kg (1323 lbs). The drop velocities of these masses were 7.07 457 
m/s (23.2 ft/s), 5.77 m/s (18.9 ft/s), 5 m/s (16.4 ft/s), 4.47 m/s (14.7 ft/s), and 4.08 m/s (13.4 458 
ft/s), respectively. This ensured that all the drop tests had an impact energy of 5000 J. The aim 459 
of this study is to investigate the effect of increasing the mass while decreasing the velocity of 460 
the drop hammer on the response of the GFRP-RC beams. 461 
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It was observed that varying the drop mass and drop velocity while keeping the impact energy 462 
fixed has a significant influence on the failure mode of the GFRP-RC beams. Fig.11 presents 463 
the damage profiles of two beams impacted with the same impact energy using different drop 464 
masses and velocities. The damage profiles are presented at 5 ms and 20 ms. In Fig.11 (a), 465 
when the drop velocity was low and the drop mass was high (4.08 m/s [13.4 ft/s] and 600 kg 466 
[1323 lbs]), flexural cracks dominated in the first 5 milliseconds. Shear cracks developed after 467 
the flexural cracks. However, in Fig.11 (b), when the beam was impacted with high drop 468 
velocity and low drop mass (7.07 m/s [23.2 ft/s] and 200 kg [441 lbs]), shear cracks dominated 469 
throughout the whole response. Also, it was observed that the drop mass influenced the 470 
maximum midspan deflection and the dynamic strain in the GFRP bars, whereas the drop 471 
velocity influenced the impact and reaction forces. The maximum midspan deflection and the 472 
dynamic strain in the GFRP bars increased by 22 % and 18 %, respectively when the drop mass 473 
increased from 200 kg (441 lbs) to 600 kg (1323 lbs) while keeping the impact energy fixed at 474 
5000 J. Moreover, the impact and reaction forces increased by 42 % and 20 %, respectively 475 
when the drop velocity increased from 4.08 to 7.07 m/s [13.4 to 23.2 ft/s] while keeping the 476 
impact energy fixed at 5000 J. 477 
CONCLUSIONS 478 
The test results of six GFRP-RC beams were used to calibrate a finite element model to 479 
investigate the behaviour of GFRP-RC beams under low-velocity impact loads. The finite 480 
element model captured the midspan deflections, dynamic strains in the GFRP bars, impact 481 
force, reaction force, crack patterns, and failure modes. After calibrating the finite element 482 
model, a comprehensive parametric study was carried out to investigate the influence of the 483 
longitudinal reinforcement ratio, compressive strength of concrete, drop mass, drop velocity, 484 
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and impact energy on the behaviour of GFRP-RC beams under low-velocity impact loads. The 485 
following conclusions were drawn: 486 
1. The maximum midspan deflection and maximum dynamic strain in GFRP bars 487 
decreased significantly with an increase in the longitudinal reinforcement ratio. Moreover, 488 
the impact force and crack profile were not influenced by variation of the longitudinal 489 
reinforcement ratio, whereas the reaction force increased with an increase in the 490 
longitudinal reinforcement ratio. 491 
2. The maximum midspan deflection decreased with an increase in the compressive 492 
strength of concrete. Moreover, the maximum dynamic strain in the GFRP bars was not 493 
influenced by the compressive strength of concrete, whereas the impact and reaction forces 494 
increased leading to a higher resistance of the beam with an increase in the compressive 495 
strength of concrete. 496 
3. The drop mass significantly influenced the crack and damage profiles of the beams. 497 
More shear cracks developed when the drop mass increased. At high masses (600 kg [1323 498 
lbs]), shear cracks appeared to dominate the failure of the beam. Moreover, the maximum 499 
midspan deflection and maximum dynamic strain in the GFRP bars significantly increased 500 
when the drop mass increased. 501 
4. The drop velocity significantly influenced the crack and damage profiles of the beams. 502 
Flexural cracks were observed at low impact velocities (3-4 m/s [9.84-13.1 ft/s]), whereas 503 
shear cracks dominated in higher velocities (6-7 m/s [19.7-23 ft/s]). The maximum 504 
midspan deflection, maximum dynamic strain in the GFRP bars, impact force, and reaction 505 
force significantly increased with an increase in the drop velocity. 506 
5. A combination of low drop velocity and high drop mass (4.08 m/s [13.4 ft/s] and 600 507 
kg [1323 lbs]) led to flexural cracks at the beginning of the impact followed by shear 508 
cracks. However, a combination of high drop velocity and low drop mass (7.07 m/s [23.2 509 
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ft/s] and 200 kg [441 lbs]) led to shear cracks dominating throughout the whole impact 510 
duration. Also, it was observed that the drop mass significantly influenced the maximum 511 
midspan deflection and the maximum dynamic strain in the GFRP bars, whereas the drop 512 
velocity significantly influenced the impact and reaction forces. 513 
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Table 1– Properties of the GFRP and steel reinforcement used in the experiment 655 
(Goldston et al11) 656 
Type of  
reinforcement bar 
Diameter of the  
reinforcement bar 
(mm) 
Modulus of  
elasticity 𝐸𝑓 
(GPa) 
Tensile  
strength 𝑓𝑢  
(MPa) 
Rupture strain 
(%) 
GFRP 6.35 37.5 732 1.96 
GFRP 9.53 55.6 1764 3.18 
GFRP 12.7 48.6 1605 3.30 
Steel 4 200 500 N/A 
Note: 1 mm = 0.0394 inch, 1 MPa = 145 psi, 1 GPa = 145 ksi, The fiber volume fraction of 657 
GFRP bars was 70% 658 
 659 
Table 2– Bond-slip results of the tested GFRP bars 660 
Sample tested 1 2 3 4 
Bar diameter (mm) 9.53 12.7 
Maximum bond stress (MPa) 39.87 37.02 29.02 33.57 
Slip at maximum stress (mm) 0.18 0.10 0.11 0.11 
Exponential decay 0.12 0.10 0.14 0.16 
Average bond stress (MPa) 38.45 31.3 
Average slip (mm) 0.14 0.11 
Average exponential decay 0.11 0.15 
Note: 1 mm = 0.0394 inch, 1 MPa = 145 psi661 
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Table 3– Numerical versus experimental results of GFRP-RC beams 662 
Beam name 
Numerical Experimental Numerical/Experimental 
∆𝑚 
(mm) 
𝜀𝑓𝑟𝑝 
𝐽𝐼 
(N.sec) 
𝐽𝑅 
(N.sec) 
∆𝑚 𝜀𝑓𝑟𝑝 
𝐽𝐼 
(N.sec) 
𝐽𝑅 
(N.sec) 
∆𝑚 𝜀𝑓𝑟𝑝 𝐽𝐼 𝐽𝑅 
A2 59.1 0.99 964 911 57.5 0.96 901 799 1.03 1.03 1.07 1.14 
A3 53.3 0.74 952 898 52.3 0.73 914 872 1.02 1.01 1.04 1.03 
B2 52.8 0.96 901 865 51.6 0.96 847 833 1.02 1 1.06 1.04 
B3 46.8 0.71 976 927 43.8 0.68 931 874 1.07 1.04 1.05 1.06 
*∆𝑚: maximum midspan deflection, 𝜀𝑓𝑟𝑝: dynamic strain in the GFRP bars, 𝐽𝐼: area under the impact 663 
force, 𝐽𝑅: area under the reaction force. Note: 1 mm = 0.0394 inch, 1 N = 0.225 lb 664 
 665 
 666 
 667 
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 668 
Fig.1– 3D model of the GFRP-RC beam 669 
 670 
Fig.2– Stability of the solution – Hourglass energy 671 
 672 
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Fig.3– Numerical stress-strain curve for GFRP reinforcement bar 673 
 674 
Fig.4– Bond-slip test of the GFRP-RC specimens (Dimensions in mm. 1 mm = 0.0394 inch) 675 
  676 
Fig.5– Failure mode of balanced GFRP-RC beam (Beam A1) 677 
 678 
31 
 
Fig.6– Damage profile of over-reinforced GFRP-RC beam (Beam A2) 679 
 
 
(a) (b) 
  
(c) (d) 
Fig.7– Midspan deflection-time curves:(a) Beam A2 (b) Beam A3 (c) Beam B2 (d) Beam 
B3 
 680 
Fig.8– Dynamic strain-time curve at the midspan of GFRP bar (Beam A3) 681 
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(a) (b) 
Fig.9– Numerical and experimental forces (Beam B2): (a) Impact (b) Reaction 
 682 
   
(a) (b) (c) 
Fig.10– Influence of reinforcement ratio on: (a) maximum midspan deflection (b) maximum 
dynamic strain (c) maximum reaction force (impact velocity = 5 m/s) 
 683 
 
Fig.11–  Crack profile of beams impacted with a constant impact energy at 5 ms and 20 ms 
(a) 4.08 m/s (13.4 ft/s) and 600 kg (1323 lbs) (b) 7.07 m/s (23.2 ft/s) and 200 kg (441 lbs) 
 684 
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